Abstract-In this paper, we present a new method to determine the simultaneous injection and temperature dependence of the sum of the majority and minority carrier mobilities in silicon wafers. The technique is based on combining transient and quasi-steadystate photoconductance measurements. It does not require a full device structure or contacting but only adequate surface passivation. The mobility dependence on both carrier injection level and temperature, as measured on several test samples, is discussed and compared with well-known mobility models. The potential of this method to measure the impact of dopant concentration, compensation ratio, injection level, and temperature on the mobility is demonstrated.
I. INTRODUCTION
T HE carrier mobility is a key parameter in determining the performance of silicon solar cells. It is well known that the mobility decreases with both carrier injection level [1] , [2] and sample temperature [3] . Since solar cells often operate under a wide range of injection levels and temperatures, it is, thus, fundamental to determine the impact of those parameters on the carrier mobility. Numerous techniques have been used to measure the mobility, and the impact of dopant concentration and temperature is well known in standard, non-compensated crystalline silicon. Nevertheless, data on the impact of injection or the simultaneous impact of carrier injection and temperature on the carrier mobility are scarce. Furthermore, the effect of dopant compensation on carrier mobilities, especially for minority carriers, remains unclear [4] - [6] .
Dannhauser and Krausse used a combination of infrared radiation and voltage measurements across a pin diode to extract the injection dependence of the mobility sum [1] , [2] . Similarly, Neuhaus et dependence of the mobility sum [7] . However, both of these methods require a complicated structure and need contacting.
In this paper, we propose and demonstrate a new technique based on contactless photoconductance measurements.
II. THEORETICAL PRINCIPLES
Two common measurement methods are used to determine effective carrier lifetimes in silicon. The first one, which is referred to as transient photoconductance decay (PCD) measures the rate at which carriers recombine after a short excitation pulse. The lifetime is extracted via
where τ PCD is the transient lifetime, Δn is the excess carrier density, and dΔn/dt is the variation of excess carrier with time. The second method, i.e., QSSPC, measures the balance between generation and recombination when a quasisteady-state illumination is maintained. The generalized lifetime [8] is then extracted as
where τ QSSPC is the quasistatic lifetime, and G QSSPC is the generation within the sample. At this point, it is interesting to note that the transient technique requires samples with lifetimes significantly longer than the characteristic decay of the excitation flash. In our case, this corresponds to lifetimes higher than 100 μs. If a light source with shorter cutoff times is used, this value can be reduced, and lower lifetime samples can be measured with the PCD technique. However, it should also be kept in mind that samples with low effective lifetimes, whether because of either surface or bulk recombination, can easily result in nonuniform carrier profiles throughout the wafer thickness. In such cases, the transient lifetime and the quasistatic lifetime are not expected to be equal [9] , [10] . The method that is described here can only be applied when these two lifetimes are equivalent, which will be the case when the carrier profiles remain approximately uniform during the transient decay. This in turn will be true when the minority carrier diffusion length is greater than the sample thickness, and the initial rapid transient modes are excluded from the analysis. These conditions were satisfied for our samples.
Assuming that at the same excess conductance the transient lifetime τ PCD and quasisteady-state lifetime τ QSSPC are indeed equal, we have
The excess carrier concentration Δn is related to the excess conductance Δσ by the relation
where μ n and μ p are the electron and hole mobility, respectively, q is the electronic charge, and W is the sample thickness. By manipulating these expressions, one obtains
However, as the mobility varies only very slightly compared with the other time-dependent quantities, one can neglect the final two terms on the left-hand side. One can, thus, easily extract the mobility sum (μ n + μ p ) as
where q is the electronic charge, W is the sample thickness, and dΔσ QSSPC /dt and dΔσ PCD /dt are the variation of conductance with time for the quasisteady state and transient excitation, respectively. . This mobility sum is in turn used to compute the excess carrier density from the excess conductance using (5).
We estimated an uncertainty of ± 3% in the measurement of the generation G QSSPC and an uncertainty of ± 5% in the measurement of the conductance Δσ [11] . In Fig. 1(c) , at an excess conductance of Δσ = 7 × 10 −2 Ω −1 ·cm −1 , the error in the calculated mobility sum is 9.9%. However, at a lower excess conductance of Δσ = 1 × 10 −2 Ω −1 ·cm −1 , the error increases to 11.4%. We found that the mobility sum can be obtained with a 9-14% above this excess conductance.
III. EXPERIMENTAL METHODS

A. Transient and Quasi-Steady-State Photoconductance Measurements
The new method is based on combining QSSPC [12] and transient PCD lifetime measurements. The carrier lifetimes that were measured with such methods rely on a calibrated coil to measure the excess conductance and a reference solar cell to measure the generation rate. To obtain a more uniform carrier generation profile, an infrared filter was used to cutoff wavelengths below 800 nm. In order to measure the simultaneous temperature and injection dependence of the mobility, we used a purpose built, temperature-controlled inductive coil photoconductance instrument from Sinton Instruments [13] .
The samples were prepared by damage etching and RCA cleaning, which was followed by surface passivation at 400
• C with plasma-enhanced chemical vapor-deposited silicon nitride films.
As described previously, the data analysis requires the calculation of a derivative with respect to time of the excess conductance signal. Therefore, any noise in this signal will be dramatically amplified. To reduce noise, each transient and QSSPC measurement is thus averaged 60 times before being processed. Another important point is that the QSSPC technique is sensitive to the optical properties of the sample. The QSSPC measurement is usually corrected using an optical scaling factor f s [14] . The ratio of those two quantities will determine the effective optical transmission [11] . (b) Incident photon flux spectral density absorbed into the reference solar cell and AM1.5 photon flux spectral density absorbed into the reference solar cell. The ratio of those two quantities will determine the spectral correction factor [11] .
B. Determination of the Optical Factor
The optical factor can be obtained through self-calibration of the generation in an intermediate photoconductance regime [14] or through direct comparison of the optical properties of the sample and the reference cell that was used in the lifetime tester [15] , [16] .
The optical factor will influence the generation within the sample. If inaccurate, the whole mobility curve will shift up or down (7); it is thus extremely important to accurately determine the optical factor.
We measured the absorption in our wafer using a PerkinElmer spectrophotometer. Using the measured absorption, we determined the effective optical transmission as described in [16] . Fig. 2(a) shows the incident photon flux density as a function of wavelength. Also shown is the photon flux spectral density that is absorbed into the wafer. Using the ratio of (integrated photon density absorbed into the wafer)/(integrated incident photon density), we then determine the effective optical transmission [16] .
The standard calibration of the reference solar cell is performed under AM1.5 conditions. However, the spectrum of the flash is significantly different than AM1.5: even more so when filtered by an infrared filter [see Fig. 2(b) ]. We thus calculate a spectral correction factor to account for the spectral difference between the AM1.5 spectrum and the filtered flash spectrum as proposed in [15] using the ratio of (integrated AM1.5 photon flux density that is absorbed into the reference solar cell)/(integrated flash photon flux density that is absorbed into the reference solar cell).
Finally, we combined the effective optical transmission and the spectral correction factor to determine the optical factor [15] . In our wafers that were coated with SiN, when using an infrared filter (800 nm), we found the optical factor to lie between 0.68 and 0.9 depending mainly on the thickness of the wafer that was used and the variation in the optical properties of the antireflection coating. Fig. 3 shows the influence of the optical factor on the mobility sum. Overestimating the optical factor leads to an underestimation of the mobility sum. The method, thus, greatly relies on a precise measurement of the optical factor in order to give accurate results.
IV. RESULTS AND DISCUSSION
A. Accuracy of the Method
To demonstrate the accuracy of the method, the mobility sum was measured in samples with similar resistivities (100-1000 Ω·cm, 0.90 Ω·cm p-type) to the sample that was used by Dannhauser (1000-3000 Ω·cm p-type) [1] and the samples that were used by Neuhaus et al. (0.96 Ω·cm p-type) [7] . Fig. 4 shows the resulting mobility sum and the mobility models of Dannhauser-Krausse [1] , [2] , Klaassen [17] , [18] , and DorkelLeturcq [19] . Within error, the measured mobility and the data from Dannhauser [see Fig. 4 Although the measured mobility sum aligns with the models relatively well at medium injection (above 1 × 10 15 cm −3 ), at lower injection, the measurement becomes quite inaccurate. This is because of the fact that the derivatives of the quasistatic and transient conductances become very similar; thus, the uncertainty in their difference becomes greater, as mentioned previously. Therefore, a small uncertainty in one or the other leads to great uncertainties in the calculated mobility (7). Moreover, the signal/noise ratio of the photoconductance signal itself decreases at low injection, leading to greater errors in the measured mobility. In addition, the mobility is also inaccurate at high injection because of the effective lifetime being reduced (Auger recombination), leading to difficulties in making accurate transient measurements, and potentially causing nonuniform carrier profiles.
B. Measuring the Influence of Dopant Density
Fig . 5 shows the doping dependence of the mobility sum in n-type silicon. The lines represent the models of DorkelLeturcq and Klaassen. We clearly see the increasing influence of ionized impurity scattering on the mobility as the doping increases. This mobility is measured at an injection level of 5 × 10 15 cm −3 . Within error, we obtain an excellent agreement with the mobility models. 
C. Measuring the Influence of Temperature
An important application of this method is to study the impact of temperature on the carrier mobility sum. Using a temperaturecontrolled inductive coil photoconductance device [13] one can obtain the simultaneous temperature and injection dependence of the mobility. Fig. 6 shows the temperature dependence of the mobility sum at an injection level of 5 × 10 15 cm −3 . At low temperature (153 K), the lattice scattering is very low, leading to a high mobility sum of around 2500 cm experimental data at high temperature. For low temperatures, Klaassen's model seems to overestimate the mobility sum. Discrepancies between Klaassen's model and experimental data have been observed before at low (<200 K) or high (>400 K) temperatures [20] . However, the validity of Klaassen's model when both injection and temperature vary has not been assessed before.
D. Measuring the Influence of Compensation
Another important application of this method is to measure the impact of dopant compensation on the carrier mobility sum. Compensation doping has been found to be an efficient way to control ingot resistivity when using solar-grade silicon feedstocks [21] - [23] . Carrier recombination, which is being driven by the net doping rather than the sum of the dopant concentrations, can be improved by compensation [24] . However, the mobility is driven by the sum of the dopant concentrations rather than the net doping [25] . At similar resistivity, a significant reduction in mobility has been observed in compensated silicon [4] - [6] . Fig. 7 shows the mobility sum reduction due to compensation in two 0.55-0.56 Ω·cm n-type silicon samples, . Even though both samples have similar resistivities, the compensated sample has more ionized impurities, and, hence, lower mobility.
V. CONCLUSION
We have demonstrated the potential of a novel contactless method to measure the mobility sum in silicon wafers, based on combining transient and quasistatic photoconductance measurements. To be accurate, this method must be used in combination with a spectrophotometer in order to measure the optical properties of the sample used. This method is valid at medium injection where the lifetime and the photoconductance signal/noise ratio both remain high. We have shown that this method can measure the impact of dopant density, compensation, injection level, and temperature on the mobility sum. It is limited to samples with relatively high effective lifetime and thus requires surface passivation to ensure uniform carrier profiles throughout the sample thickness. However, through the use of an infrared LED array, for example, this technique could measure samples with lower lifetime. For the first time, we have measured the mobility sum reduction due to temperature and compensation.
